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Modelling of the radiative properties of an opaque porous
ceramic layer
Benoit Rousseau & Hector Gomart &
Domingos De Sousa Meneses & Patrick Echegut &
Mathilde Rieu & Romain Dugas & Pascal Lenormand &
Florence Ansart
Abstract Solid Oxide Fuel Cells (SOFCs) operate at temper-
atures above 1,100 K where radiation effects can be
significant. Therefore, an accurate thermal model of an SOFC
requires the inclusion of the contribution of thermal radiation.
This implies that the thermal radiative properties of the oxide
ceramics used in the design of SOFCs must be known.
However, little information can be found in the literature
concerning their operating temperatures. On the other hand,
several types of ceramics with different chemical composi-
tions and microstructures for designing efficient cells are now
being tested. This is a situation where the use of a numerical
tool making possible the prediction of the thermal radiative
properties of SOFC materials, whatever their chemical
composition and microstructure are, may be a decisive help.
Using this method, first attempts to predict the radiative
properties of a lanthanum nickelate porous layer deposited
onto an yttria stabilized zirconium substrate can be reported.
Keywords Porous ceramic . Thermal radiative properties .
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1 Introduction
SOFCs are promising power sources that are very attractive
due to their high energetic efficiency and low emission of
pollutants from the exhaust gases into the environment
among others. However, technical bolts, mainly due to their
high operating temperature (T~ 1,200 K), impede their
industrial development at a reasonable cost. Indeed thermo-
mechanical failures that are observed after thermal cycling
reduce the cells’ power density and, hence, their reliability.
Therefore it is of major importance to predict accurately the
temperature field within the cell in order to detect thermal
gradients. However, most of the existing thermal models
provide contradictory results: some of them clearly ignore
the effect of the thermal radiation whereas this mode of
energy transfer is important when temperatures are higher
than 800 K [1]. Some authors doubt, the real influence of
the thermal radiation on the energy balance models [2].
Moreover, a brief survey of the literature reveals that the
thermal radiative properties of the materials used in the
design of the core of a SOFC are rare at their operating
temperatures. On the other hand, several types of ceramic
material are now being studied in order to develop efficient
cells. Their shape, microstructure and chemical composition
are currently optimized. This picture indicates that the
prediction of the radiative properties of these materials
require to take into account their internal structure from the
atomic scale to the macroscopic scale. This appears to be a
promising way to obtain a reliable thermal data bank.
In the present study, a numerical methodology aimed at
predicting the thermal radiative of the materials used in the
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design of the cell with a planar geometry is reported. It is
based on a Monte Carlo Ray Tracing code. This work is
focused on a thick film cathode composed of lanthanum
nickelate (La2xNiO4þd) that is deposited onto yttria stabilized
zirconia (YSZ) substrates. The paper is organized as follows:
in the first part, the chemical, optical and microstructural
behaviours of the ceramic will be described. This information
will be used to define in detail the implementation of theMonte
Carlo Ray Tracing procedure in the second part. In the third
part, the validity of the numerical approach is discussed.
2 Material characterization
The method used for the deposition of the La2NiO4+δ layer
on the YSZ substrate is briefly described here. Prior to the
shaping step of the cathode, the starting material, La2NiO4þd,
is prepared in the form of fine powders by a modified
Pechini process [3]. During the powder elaboration, the final
annealing temperature is selected in order to control the
morphology, size, oxygen non-stoechiometry (δ) and the
sintering degree of the oxide powders. The second step of
the process consists of dispersing the crystallized powders
into an organic mixture with an adequate viscosity [4–6].
The slurry is then deposited onto the YSZ substrate thanks to
a dip-coating where the withdrawal is maintained at a
controlled speed (3 cm/min). After thermal treatment
(1150°C, 2 h), the film is continuous, homogeneous, crack-
free and adheres well to the YSZ electrolyte substrate.
X-ray diffraction measurements show that the thermal
treatment does not induce the appearance of a secondary
phase since only the YSZ and La2NiO4+δ phases are detected.
The cathodic layer is composed of grains with a random
orientation and a single crystalline phase as is shown by the
ESEM (Environmental Scanning Electronic Microscope)
image of the cathodic layer (see Fig. 1). After thermal
treatment, the size of the grains is approximately 500 nm and
an open connected porosity can be observed. Analysis of the
ESEM image roughly indicates that the porosity is 35±5%.
Note that from an optical viewpoint La2NiO4+δ exhibits a
two-dimensional behavior that has been previously recognized
by infrared reflectivity on single crystals [7]. The excess oxygen
(+δ) plays a key role in the optical properties of this compound.
Indeed, the excess of oxygen create holes directly injected in
the two-dimensional layers of these structures. The localization
of the electronic carriers, due to their coupling with the lattice,
generates a broad absorption band in the mid-infrared range [8,
9]. This spectral weight dominates the optical response of a grain
in the latter spectral range. Thermogravimetric analysis (TGA)
measurements performed on the native powders used for making
the slurry indicates that δ ~ 0.2 at T=300 K. In this work, it is
assumed that the intrinsic optical properties of a small grain can
be equivalent to those of a large single crystal of the same
chemical composition, but with δ=0.14 [9]. By modeling the
infrared reflectivity spectrum acquired in the conducting plane
and reported in Ref. [9] with an dielectric function model that
makes it possible to reproduce the optical response of mixed
ionic-electronic conductors [8, 9], the spectral dependence of the
dielectric function can be calculated. Then the optical indexes
can be easily obtained. The method shows that the value of the
extinction coefficient is rather important in the whole spectrumof
investigation since its mean value is 30,000 cm−1. This means
that the incident light is completely absorbed for a distance
superior to 2 μm so that the transmission of light through the
layer is considered as negligible.
The thickness of the cathodic layer is found to be 8 μm
by characterizing a cross-section of the film by ESEM so
that the layer can be considered as opaque i.e. its normal
hemispherical spectral tramittivity is zero. The following
material studies will be used as a guideline for developing
the strategy of modelling.
3 Numerical method
In this work a Monte Carlo Ray Tracing (MCRT) program
aimed at reproducing the spectral dependence of thermal
radiative properties (reflectivity, transmittivity, emissivity)
of heterogeneous material over a large range of temper-
atures (300 to 1,300 K) has been used [10]. Ray Tracing
method implies treating the light-matter interaction with the
framework of geometric optic approximation [10]. As we
have noted previously, the surface is found to be opaque.
The code allows for retrieving the directional spectral
emissivity, E, based on the knowledge of its normal
hemispherical spectral reflectivity R, since E=1-R accord-
ing to the Kirchhoff’s laws. Therefore, the simulation
consists in reproducing the experimental conditions allowing
the measurement of the directional hemispherical spectral
reflectivity.
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Fig. 1 ESEM image of the cathodic layer. (a) Image obtained with a
magnification of 15,000. (b) Image obtained with a magnification of
2,000
Afterwards an incident beam of Npho rays, parallel and
unpolarized, is launched normally towards the three
dimensional reconstructed surface (see Fig. 2). Each ray
carries an intensity I0 equal to unity. The x0 and y0
coordinates of the origin of each ray are randomly
distributed which has a uniform weight inside the beam,
which has a z0 constant value. When the ray hits the
surface, its new direction is calculated using Snell’s
reflection law. The local directional spectral reflectivity,
ρ(σ,θ,T) is calculated at this point of interaction, by using
Fresnel’s formulas [10]. Here θ is the incident angle and T
the temperature. The new intensity is then incremented by
Iiþ1 ¼ Ii  r s; q; Tð Þ. This recursive process occurs for
multiple scattering across the meshing triangular surface
until the ray leaves the surface or when its intensity is
smaller than a fixed value Imin, at which point the photon is
considered to be absorbed with an intensity equal to zero.
Following this operation, another photon is launched. Then
a storage procedure counts respectively the numbers of
scattered and absorbed photons. The hemispherical spectral
reflectivity turns out to be the ratio of the number of
scattered photons to the total number of photons.
4 Results and discussion
The first step of the modelling consists in obtaining a three
dimensional image of the ceramic surface. The ESEM
apparatus is equipped with an eucentric stage that allows
for the acquisition of tilted ESEM images with a small
angle of tilting (0,+6°). The Mex® software is then used to
combine both the stereo images in order to calculate the
local height, z(x,y), that corresponds to each pixel (x,y) of
the ESEM image. It makes possible to reconstruction of the
three dimensional image of the observed sample (Fig. 2).
The pixel size is 0.179 μm.
The three-dimensional numerical image of the cathodic
layer is injected into the MCRT code. The calculation of the
local directional reflectivity ρ(σ,θ,T) that must to be known
at each point of interaction, that a ray intercepts a triangle,
is based on the optical indexes measured on the La2NiO4.14
single crystal at room temperature as previously described
[8]. The incident beam size is 0.2 mm and the Npho=10
5
photons. The result of this modelling as well as the
calculated normal spectral emissivity of the single crystal
(solid black curve) is shown in Fig. 3 (square symbol). The
increase of the emissivity due to the surface roughness in
the whole spectral range is in the order of 8%. Figure 3
shows the value of the experimental spectral emissivity
(grey solid curves) acquired at T=900 K, thanks to an
experimental set-up used in Ref. [11, 12].
Even if the temperatures are not the same, this latter
curve can be used as a guideline to discuss the validity of
the model. It shows that there is a significant discrepancy
between the experimental data and the simulated one.
To go one step further, the use of the Effective Medium
Approximation (EMA) allows for taking into account the
internal porosity of the layer [13]. The EMA is based on the
fact that a radiation of a given wavelengthγ l, propagates in
a heterogeneous medium as if it were homogeneous. It
requires that the pore/grain length scale be much smaller
than the incident wavelength that exists in this work (pore
size is centered on 400 nm (Fig. 1a)). Hence, the
propagation of radiation can be studied, in a much simpler
way, by introducing a homogeneous equivalent effective
dielectric function, e"eff . The Bruggemann’s model has been
(a) (b)Fig. 2 Three-dimensionalimage of the cathodic layer. The
original image is obtained with a
magnification of 4,000. (a) View
of the reconstructed image (b)
Triangular mesh issued from the
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Fig. 3 Comparison of experimental (solid line) and numerical
(symbols) normal spectral emissivity for the F3 sample that is
composed of three La2xNiO4þd layers
used [14]. The effective dielectric function depends on the
porosity, p, the dielectric function of La2NiO4.14, and the
one of the air (~1) :
p
e"air  e"eff
e"air þ 2e"eff þ 1 pð Þ
e"La2NiO04:14  e"eff
e"La2NiO04:14 þ 2e"eff
¼ 0 ð1Þ
The application of Eq. 1 with p~ 35% makes it possible
to obtain new effective optical index that is injected in the
MCRT code. The result of the new simulation is reported in
Fig. 3 (circle symbol). Overall, a satisfactory good
agreement is achieved for F3. Moreover, the homogenized
layer can be considered as opaque. It shows that a
combination of two approaches that take account of the
chemical composition and the microstructure (surface
roughness, porosity, grain/pore size distribution) of the
layer can model its optical response on a wide domain of
wave numbers.
5 Conclusion
This study has investigated the relationship between the
normal spectral emissivity of an opaque thick layer of
La2NiO4þd and both its internal microstructure and chemical
composition. A strategy of modelling based on a Monte
Carlo Ray Tracing code was implemented in order to take
account of each contribution from the atomic scale to the
macroscopic scale. It shows that the chemical composition,
the thickness, the surface roughness, the porosity and the
pore size mainly act on the optical response of the coating.
Much works are required to model the optical response of
the thinner layers. Moreover, on a thermal radiative point of
view, it is experimentally shown that for critical thickness the
cathode layer can evolve from a semitransparent optical
behaviour to an opaque one. It indicates that the methodol-
ogy used to treat heat transfer within a SOFC cell at its
operating temperature must carefully integrate the size, the
chemical composition and the microstructure of the cell
materials.
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